The proliferation of most normal cells depends on the synergistic interaction of several growth factors and hormones, but the cell cycle basis for this combined requirement remains largely uncharacterized. We have addressed the question of the requirement for insulin/ IGF-1 also observed in many cell culture systems in the physiologically relevant system of primary cultures of dog thyroid epithelial cells stimulated by TSH, which exerts its mitogenic activity only via cAMP. The induction of cyclin A and cdc2, the phosphorylation of cdk2, the nuclear translocation of cdk4 and the assembly of cyclin D3-cdk4 complexes required the synergy of TSH and insulin. Cyclin D3 (the most abundant cyclin D) was necessary for the proliferation stimulated by TSH in the presence of insulin as shown by microinjection of a neutralizing antibody. Cyclin D3 accumulation and activity were dierentially regulated by insulin and TSH, which points out this cyclin as an integrator that ranks these comitogenic pathways as supportive and activatory, respectively. Paradoxically TSH alone strongly repressed cyclin D3 accumulation. This inhibition was overridden by insulin, which markedly stimulated cyclin D3 mRNA and protein accumulation, but failed to assemble cyclin D3-cdk4 complexes in the absence of TSH. TSH unmasked the DCS-22 epitope of cyclin D3 and assembled cyclin D3-cdk4 in the presence of insulin. These data demonstrate that cyclin D synthesis and cyclin D-cdk assembly can be dissociated and complementarily regulated by dierent agents and signalling pathways.
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Introduction
The growth and specialized functions of various cell types are regulated by the interaction of trophic hormones and growth factors (de Asua et al., 1977; Rozengurt, 1986; Roger et al., 1995) . Among the latter, the almost ubiquitous activity of insulin-like growth factor-1 (IGF-1) in supporting, if not triggering, cell proliferation is illustrated by the almost general requirement for IGF-1 (or high supraphysiological concentrations of insulin that activate IGF-1 receptors) (Baserga et al., 1994) as a supplement of serumfree culture media for most normal cell types (Baserga et al., 1994; Barnes and Sato, 1980; Werner et al., 1994) . Loss of this requirement is a classic feature of oncogenic transformation (Baserga et al., 1994) . In various in vitro thyroid cell systems, including primary cultures of canine (Roger et al., 1983 (Roger et al., , 1987a ) and human thyrocytes (Roger et al., 1988; Williams et al., 1988) , rat thyroid cell lines (Tramontano et al., 1988; Tominaga et al., 1994) , as probably in adult human thyroid gland in vivo (Cheung et al., 1996) , the main physiological regulator thyrotropin (TSH) acting through cyclic AMP (cAMP) , and IGF-1 or insulin synergistically stimulate DNA synthesis and cell proliferation. The mechanism(s) of this synergy is unclear. A central question is whether TSH and insulin/IGF-1 through distinct signalling cascades exert complementary functions required for cell proliferation, or whether one of these factors exerts priming' actions making the cell more competent to respond to the other one, which is thus quali®ed as the only genuine mitogen. A de®nitive assessment of this problem has remained elusive (Takada et al., 1990; Takahashi et al., 1991; Tominaga et al., 1994; Yamamoto et al., 1996) , mainly because the key events in the complex signalling cascades involved in the co-mitogenic eects of TSH (cAMP) and insulin are still largely hypothetical. However these cascades should culminate at the level of the primary regulators of the cell cycle machinery.
It is generally considered that mitogenic signals regulate mammalian cell cycle by stimulating the accumulation of D-type cyclins and their assembly, through a ill-de®ned mechanism, with their partner kinases cdk4 and cdk6, which operate in mid-to-late G1 phase to promote progression through the restriction point, and thus cell's commitment to replicate its genome (Sherr, 1994; Weinberg, 1995; Bartek et al., 1996) . In a current model, this key decision depends on the initiation by cyclin D-cdk complexes of the phosphorylation of the growth/ tumour suppressor protein RB, which triggers the activation of transcription factors, including those of the E2F family, the synthesis of cyclin E and then cyclin A, cdk2 activation by these cyclins, which in turn further phosphorylates RB and other substrates, and initiates and organizes the progression through the DNA synthesis phase (Ohtani et al., 1995; Ohtsubo et al., 1995; Lukas et al., 1997; Lundberg and Weinberg, 1998; Kelly et al., 1998) . The downregulation of cdk inhibitors of the CIP/KIP family by mitogenic factors and/or their`titration' by cyclin D/cdk complexes participate to cdk2 activation (Kato et al., 1994; Reynisdottir and Massague, 1997) , but their recently proposed role of adaptor and/or nuclear anchor for cyclin D-cdk complexes paradoxically suggests positive in¯uences on cell cycle progression as well (LaBaer et al., 1997; Cheng et al., 1999; Welcker et al., 1998) .
We have shown that cyclin D3 is the predominant cyclin D expressed in quiescent thyrocytes of primary cultures of dog tissue , and of mice in vivo (Coppee et al., 1998) . In dog thyrocytes, TSH (cAMP), unlike all the other known mitogenic factors, does not induce the accumulation of cyclins D , but stimulates the expression of p27 kip1 (Depoortere et al., 1996) . Nevertheless, cyclin D3 is essential in the proliferation stimulated by TSH, but not in the proliferation of dog thyrocytes stimulated by cAMP-independent growth factors (epidermal growth factor (EGF), hepatocyte growth factor (HGF)) that also induce cyclins D1 and D2 . In these cells cultured in serum-free conditions, the induction of DNA synthesis (Roger et al., 1983 (Roger et al., , 1987a Burikhanov et al., 1996) and the phosphorylation of the three RB family members (Coulonval et al., 1997) result from the interaction of TSH and insulin, the latter acting through its high anity receptors and the IGF-1 receptors (Burikhanov et al., 1996; Deleu et al., 1999b ). Here we demonstrate, in this physiologically relevant system, the synergy of TSH and insulin at the level of cyclins and cdks.
Results

Synergistic induction of cell cycle progression by TSH and insulin
The starting material of the present experiments consisted of a pure population of naturally quiescent dog thyroid epithelial cells in primary culture, the majority of which have not proliferated in vitro during the ®rst 4-days incubation in a serum-free medium supplemented or not with insulin (Roger et al., 1987a . Insulin supraphysiological concentration was 8610 77 M, stimulating both insulin and IGF-1 receptors (Burikhanov et al., 1996) . At day 4, cells cultured with or without insulin were then stimulated to proliferate using the dierent agents. Insulin and TSH alone had almost no eect on the percentage of 8-Bromo-deoxyuridine (BrdU)-labelled nuclei (Figure 1 ). When apparent, the eect of TSH partly depends on autocrine IGF-1 production by cells (Burikhanov et al., 1996) . The eect of adding both insulin and TSH together was far greater than the sum of the eects of each hormone alone demonstrating a marked synergy between the signalling cascades. The stimulation of DNA synthesis by EGF and 12-O-tetradecanoylphorbol 13-acetate (TPA) also depended on the presence of insulin. As previously shown, HGF stimulated DNA synthesis independently of the presence of insulin (Figure 1) , and is thus the only full mitogenic factor (Deleu et al., 1999b) . However, in some cultures, HGF was more potent in the presence of insulin.
As shown in Figure 2a , in quiescent cells cultured without insulin (a) or with insulin from the beginning (i) of the culture, the presence of cdc2 was very weak and that of cyclin A undetectable. At 32 h, TSH alone had no detectable eect on the expression of cyclin A and a weak stimulatory eect on cdc2, while in combination with insulin it greatly stimulated the accumulation of these proteins and maximally increased the number of cells in S phase (Figure 2a) . By contrast, the stimulatory eect of HGF was independent of insulin. cdk2 (i.e. 33 kD and 38 kD forms resulting from an alternative splicing (Baptist et al., 1996) ) was already abundant in quiescent cells independently of the presence of insulin (Figure 2) . At 32 h, TSH alone weakly enhanced the accumulation of both forms of cdk2, while the combination of TSH and insulin had a stronger eect (Figure 2a ). However, 20 h after stimulation i.e. when the ®rst cells reached S phase, only the presence of the 38 kD cdk2 form was moderately enhanced by the combination of TSH and insulin ( Figure 2b ). The activation of cdk2 was re¯ected by the appearance of a downward electrophoretic mobility shift of the 33 kD form, which corresponds to the activating Thr160 phosphorylation by the nuclear cdk activating kinase (CAK/cdk7) (Gu et al., 1992; Tassan et al., 1994) . This phosphorylation was stimulated at and after 20 h (Figure 2b ) by the combination of TSH and insulin, but not by these agents used alone ( Figure 2b ). It was not associated with a decrease but on the contrary with an enhancement of p27 kip1 concentration induced by TSH with or without insulin ( Figure 2b ) (Depoortere et al., 1996) .
The nuclear import of cdk4 depends on both TSH and insulin
Quiescent dog thyrocytes expressed cdk4 before mitogenic stimulation (condition a, Figure 3a ). Twenty hours after stimulation, the abundance of cdk4 very weakly increased in response to insulin or TSH separately ( Figure 3a) . In various experiments a more important eect was observed at later time points in response to the combination of TSH and insulin when responding cells were already progressing into S and G2 phases (not shown). In quiescent cells maintained without insulin (condition a), cdk4 was distributed in both the cytoplasm and nucleus (Figure 3b ). In response to TSH and insulin, a majority of cells displayed a strong increase of the nuclear staining of cdk4 at the expense of the cytoplasmic labelling, suggesting a nuclear translocation of cdk4 (Depoortere et al., 1998, Figure 3b ). This nuclear import was observed only in very few cells stimulated by TSH or insulin alone (Figure 3b ). 
Opposite eects of TSH and insulin on cyclin D3 accumulation
Parallel autoradiographic detections of cyclins D3, D1 and D2 using the same 125 I-labelled secondary antibody required exposure times of 1 day, 11 days and 3 weeks respectively (Figure 4a ), which is consistent with the dominant presence of cyclin D3 in dog thyrocytes . At 20 h, TSH with or without insulin did not stimulate the accumulations of cyclin D1 and D2 (Figure 4a ) and even slighty inhibited them in some experiments. TSH strongly inhibited the basal accumulation of the most abundant cyclin D3 (Figure 4a ) and partially decreased it in the presence of insulin. In contrast, insulin, like HGF, stimulated the accumulation of the three cyclins D. The eects of insulin on the accumulation of cyclins D1 and D2 were observed in some but not all the experiments after addition of insulin at day 4 and were no longer apparent after a 4-day insulin pretreatment. However, the positive eect of insulin on cyclin D3 was permanent and always reproduced, being similarly observed 20 h after addition of insulin (a-i) or after a 4-day continuous culture with insulin (i) (Figure 4a ). It was observed after 14 h (but not 8 h) of stimulation, and gradually increased afterwards (data not shown). As the positive eect of insulin compensated for the negative eect of TSH, in all the experiments cyclin D3 levels were far higher in cells stimulated by TSH in the presence of insulin than in cells treated with TSH alone ( Figure  4 ). An identical compensation between positive and negative eects of insulin and TSH was observed on the accumulation of cyclin D3 mRNA (Figure 4b ).
TSH enhances the immuno¯uorescence detection of cyclin D3 in the presence of insulin
In spite of its high abundance, cyclin D3 was poorly detected by indirect immuno¯uorescence in insulintreated cells using a panel of dierent monoclonal antibodies including DCS-22 that recognize epitopes situated just downstream of the cyclin box of cyclin D3. The addition of TSH markedly enhanced the nuclear detection of cyclin D3 by DCS-22, although it slightly reduced the cyclin D3 content evidenced by Western blotting using the same antibody. This eect re¯ects both the unmasking of the DCS-22 epitope (due to modi®cations of protein-protein interaction or conformational changes) and a nuclear translocation of cyclin D3, which parallels the nuclear import of cdk4 . As calculated from direct measurements recorded using a photomultiplier tube attached to the microscope ( Figure 5 ), insulin alone (Figure 4 ) and is ascribed to both the unmasking of DCS-22 epitope and a nuclear translocation of cyclin D3 had marginal eects on nuclear cyclin D3 detection, while the combination of TSH and insulin increased it by an average factor of 6 in 56% of the cell population (compared to unstimulated cells). TSH did not induce such an eect in the absence of insulin (Figure 5 ), which was possibly related to the low amount of cyclin D3 in this condition (Figure 4) . By double immunouorescence labelling of cyclin D3 and BrdU, all the cells stimulated by TSH+insulin and incorporating or having incorporated BrdU had an intense cyclin D3 staining (not shown). Without insulin few such cells were observed.
Assembly of cyclin D3-cdk4 complexes depends on both TSH and insulin Cyclin D3-cdk4 immune complexes were analysed 20 h after cell stimulation by TSH and insulin, i.e. when a maximum of cells were in mid to late G1. When cyclin D3 was immunoprecipitated using DCS-28, which recognizes the carboxy terminus of cyclin D3 , the same pattern of regulation of cyclin D3 accumulation was observed than by direct Western blotting analysis of whole cell lysates ( Figure  6 ). cdk4 presence in whole lysate was very weakly modi®ed by insulin or TSH. Despite high concentrations of cyclin D3 and cdk4 in cells cultured with insulin alone, cyclin D3 was very weakly detectable in cdk4 immune complexes, and conversely cdk4 was almost absent from cyclin D3 precipitates. In the presence of insulin, the association of cyclin D3 with cdk4, and vice versa, was strongly stimulated by TSH, though cyclin D3 expression was slightly reduced (Figure 6 ). By contrast, in cells stimulated by TSH in the absence of insulin, complexes containing both cyclin D3 and cdk4 were undetectable ( Figure 6 ). This was at least in part related to the reduced amount of cyclin D3 expressed in this condition.
Requirement for cyclin D3 in cell cycle progression stimulated by TSH and insulin Since insulin also stimulated the accumulation of cyclins D1 and D2 in some primary cultures (Figure  4a ), the determining importance of the insulindependent presence of cyclin D3 was checked by the microinjection of the previously characterized cyclin D3 neutralizing antibody DCS-29 Bartkova et al., 1998) . This highly reactive and perfectly monospeci®c antibody does not recognize cyclins D1 and D2 Depoortere et al., 1998) , and the microinjection of this antibody does not aect the stimulation of DNA synthesis in HGF-treated dog thyrocytes that express cyclins D1 and D2 in addition to cyclin D3 . As illustrated in Figure 7 , cells microinjected with this highly speci®c antibody were prevented from initiating DNA synthesis (70 ± 80% of inhibition) in response to TSH+insulin, whereas the microinjection of a control immunoglobulin did not result in any signi®cant inhibition (not shown). The microinjection of the cyclin D3 antibody 16 h or 22 h after TSH stimulation still blocked entry in S phase of many cells (Figure 7) , pointing out the rate-limiting importance of insulin-dependent accumulation of this cyclin for passage through the restriction point.
Discussion
We have addressed the question of the almost ubiquitous requirement for insulin/IGF-1 in the induction of cell proliferation in the physiologically relevant system of ex vivo dog thyroid epithelial cells stimulated by TSH, which exerts its mitogenic eects only via an elevation of cAMP (Roger et al., 1983 , Figure 6 Analysis of cyclin D3-cdk4 complexes in dog thyrocytes cultured in the absence (a) or in the presence of insulin (i) and then stimulated for 20 h with TSH in the absence (a-T) or in the presence of insulin (i-iT). The presence of cyclin D3 and cdk4 was analysed by Western blotting (wb) either from whole cell lysates or from complexes immunoprecipitated (IP) as indicated using a speci®c cyclin D3 antibody (DCS-28) or a speci®c cdk4 antibody (DCS-35) Figure 7 Requirement of cyclin D3 for DNA synthesis stimulated by TSH in the presence of insulin. Dog thyrocytes were cultured for 4 days in the presence of insulin (i). The neutralizing cyclin D3 monoclonal antibody (DCS-29; 2 mg/ml), was microinjected just before (0 h) or 16 h or 22 h after stimulation by TSH+insulin for 40 h. BrdU was added for the last 16 h. Nuclei were identi®ed by Hoechst 33342 staining of DNA. Microinjected cells were identi®ed by the immunodetection of the injected antibody (IgG). BrdU was coimmunodetected. A total of 370 cells were injected in each condition 1995 Dremier et al., 1997) . In this system, other TSH responses including cAMP accumulation, iodide uptake, thyroperoxidase expression, the synthesis of various proteins separated by two-dimensional gel electrophoresis, and transient c-myc expression are independent of insulin (Lamy et al., 1989; Deleu et al., 1999a; Gerard et al., 1989) . On the other hand, various insulin/IGF-1 actions including PKB activation (Coulonval et al., submitted) , the expression of several immediate/early protooncogenes (Deleu et al., 1999a) , and the stimulation of overall RNA and protein syntheses (Deleu et al., 1999b) are independent of TSH at least during a ®rst 16-h period. Therefore, the signalling pathways of TSH and insulin are largely independent, and their synergistic interaction specifically concerns the stimulation of DNA synthesis and cell proliferation (Roger et al., 1983 (Roger et al., , 1987a .
We show here that the presence of insulin is necessary for the activation by TSH of the dierent cyclin-cdk complexes required for cell cycle progression, whereas the similar action of HGF, acting as a full mitogen, is essentially independent of insulin: (i) cdc2 and cyclin A accumulations were not induced by TSH or insulin isolately, but required the combined presence of both factors; (ii) in the absence of insulin, the stimulation of cdk2 activity by TSH was presumably impaired by the observed absence of cyclin A (antibodies recognizing dog cyclin E were not available), improper cytoplasmic localization (not shown), and lack of its Thr160 activating phosphorylation; (iii) cdk4 was similarly maintained in an inappropriate cytoplasmic location, and the required cyclin D3-cdk4 complexes were absent from cells stimulated by TSH or insulin alone.
The sequential activation of cdk4 and cdk2 is considered to be required for full phosphorylation and inactivation of RB proteins (Lundberg and Weinberg, 1998; Kelly et al., 1998) . Our present observations thus explain the synergistic cooperation of TSH and insulin manifested in the phosphorylation of the three RB related proteins (Coulonval et al., 1997) . They readily ®t with the current model which associates the phosphorylation of RB and the activation of E2F transcription factors with the transit through the restriction point (Weinberg, 1995; Bartek et al., 1996) . In dog thyrocytes, the inductions of cdc2 and cyclin A occur after the restriction point and are strictly limited to cycling cells (Baptist et al., 1996) . Cdc2 is a bona ®de E2F-dependent gene. The cyclin A promoter contains a variant E2F site that binds to p107-E2F4 complexes containing cyclin E-cdk2 (Zerfass-Thome et al., 1997). The nuclear translocation of cdk2, ®rst described in dog thyrocytes, shortly precedes the initiation of DNA synthesis and cyclin A appearance (Baptist et al., 1996) . As very recently shown in permeabilized cells (Moore et al., 1999) , it depends on cdk2 association with cyclin E, which is imported into nuclei via a direct interaction with importin a. The nuclear translocation of cdk2 is required for its Thr160 phosphorylation by the nuclear CAK (Tassan et al., 1994) . Cyclin E transcription in late G1 is regulated by RB via E2F proteins (Ohtani et al., 1995) . These various events and the phosphorylation of RB are thus causally connected. Their occurrence in dog thyrocytes stimulated by the combination of TSH and insulin, but not these agents alone, therefore re¯ects the fraction of cycling cells having passed the RB checkpoint.
Required cyclin D3-cdk4 complexes integrate distinct but complementary actions of TSH and insulin
The activation of cyclin D kinases is considered the triggering event of the positive RB inactivation/cdk2 activation feedback loop that underlies the commitment of DNA synthesis (Weinberg, 1995; Lundberg and Weinberg, 1998; Bartek et al., 1996) . The late G1 progression of dog thyrocytes stimulated by TSH in the presence of insulin depends on cdk4/6 activity and, as shown here and in our previous study , on cyclin D3 which is the most abundant cyclin D in these cells. The formation of cyclin D3-cdk4 complexes in response to TSH+insulin and its absence from cells stimulated by TSH or insulin alone (Figure 6 ) is thus a crucial observation. The most novel ®nding in our study is to show that cyclin D3-cdk4 complexes result at least in part from distinct but complementary actions of TSH and insulin, rather than their interaction at an earlier step of the signalling cascades. While TSH was essential for the assembly of cyclin D3 and cdk4, it strongly inhibited the basal accumulation of cyclin D3 (like cAMP does in other cells that it blocks in G1 (Ward et al., 1996) ), and it did not enhance the weak basal expression of the other cyclins D. The low remaining concentrations of cyclin D3 in cells treated by TSH alone were likely to be insucient for binding to cdk4 (Figure 6 ) in the expected presence of competing cdk4 inhibitors of the INK4 family (unfortunately antibodies were not available to investigate dog INK4 proteins and their possible regulation by TSH or insulin). On the opposite, insulin alone strongly stimulated the required cyclin D3 accumulation and it overcame in large part the inhibition by TSH, but it was unable to assemble cyclin D3-cdk4 complexes in the absence of TSH. To our knowledge, this constitutes the ®rst demonstration in a normal not genetically engineered cell that cyclin D accumulation and cyclin D-cdk assembly can be dissociated and regulated by dierent agents and signalling pathways. In the simplest model, insulin stimulates the accumulation of cyclin D3 and TSH via cAMP promotes the assembly of the complex, but an additional although insucient action of insulin in the assembly process is not ruled out by the present data.
As we ®rst reported in the case of a normal nontransfected cell, the formation of cyclin D3-cdk4 complexes in TSH+insulin stimulated dog thyrocytes coincides with a nuclear translocation of both proteins  Figure 3 ). The nuclear import of cdk4 and cyclin D3 is expected to be required for the activating Thr172 phosphorylation of cdk4 by nuclear CAK (Diehl and Sherr, 1997) and of course for access to nuclear substrates including RB-related proteins. It is not necessarily required for cyclin Dcdk4 assembly which can occur in the cytoplasm, at least in arti®cial situations such as transfections of p15 ink4B (Reynisdottir and Massague, 1997) or of a mutated cyclin D1 (Diehl and Sherr, 1997) . Though cyclins D and cdk4 lack obvious NLSs, the nuclear import of cdk4 could depend on its association with a cyclin D (Diehl and Sherr, 1997) , as shown in the case of cyclin E-cdk2 (Moore et al., 1999) . The lack of nuclear import of cdk4 in dog thyrocytes stimulated by TSH or insulin alone (Figure 3 ) thus most likely results from the absence of cyclin D3-cdk4 complexes in these conditions, either due to defective assembly (insulin alone) and/or to lack of cyclin D3 (TSH alone).
At present the mechanism(s) of cyclin D-cdk assembly remains unclear. Very recently cdk`inhibitors' including p27 kip1 have turned out to be essential for cyclin D-cdk assembly and nuclear localization (LaBaer et al., 1997; Cheng et al., 1999) . In dog thyrocytes, the increase of p27 kip1 expression in response to TSH (Depoortere et al., 1996) might thus contribute these functions. Interestingly it was independent of insulin (Figure 2b) . Nevertheless, this eect may be too modest (maximum threefold over a relatively high basal level) to readily explain the allor-none induction of cyclin D3-cdk4 assembly. Alternatively, the contribution of post-translational modi®cations of cyclins D has not been excluded (Diehl et al., 1998) . While cyclin D3 contents are markedly enhanced by insulin, in ®xed dog thyrocytes this protein was poorly accessible to several antibodies including DCS-22, which recognize epitopes located between amino-acids 241 and 260 of cyclin D3 sequence. The detection of these epitopes requires either a mild digestion of ®xed cells by trypsin, which is a classical method for retrieval of masked antigens, or the stimulation of the cells by TSH in addition to insulin Figure 5 ). This unmasking eect of TSH, which most likely re¯ects a conformational change of cyclin D3 or its release from sequestering proteins, correlated with cell cycle progression (not shown). This phenomenon was almost undetectable in cells stimulated by TSH in the absence of insulin, being restricted to a very few cycling cells in this condition. Thus the enhanced accessibility of the DCS-22 epitope induced by TSH could not be dissociated from the assembly of cyclin D3-cdk4 complexes and the nuclear translocation of both proteins in the present experiments. Together the evidence points out cyclin D3 as a key integrator of distinct eects of (i) insulin on cyclin D3 synthesis, and (ii) TSH on the accessibility of some cyclin D3 epitopes, which might well re¯ect an important activation process that remains to be de®ned.
The roles of TSH and insulin/IGF-1 in the regulation of dog thyrocyte proliferation are thus clearly dierent and complementary. In this system, cAMP levels have to be continuously elevated by TSH in order to directly control the passage through the restriction point (Roger et al., 1987b) , via a critical action on cyclin D3-cdk4 assembly which appears to require the cAMP-dependent`activation' of cyclin D3 synthesized in response to insulin. Our present observations provide a molecular basis for the well established physiological concept that in the regulation of thyroid cell proliferation, TSH is the`decisional' mitotic trigger while locally produced IGF-1 (Thomas et al., 1994) and/or circulating insulin (Burikhanov et al., 1996) are supporting`permissive' factors. From a more general point of view, our study raises the new concept of the dierential regulation of cyclin D accumulation and cyclin D-cdk assembly by pairs of complementary co-mitogens, supporting the emerging candidacy of the ill-de®ned mechanism of this assembly as a critical target for exogenous cell cycle regulation (Sherr, 1994; LaBaer et al., 1997; Depoortere et al., 1998; Cheng et al., 1999) , and perhaps oncogenic activation (Welcker et al., 1998) , at the restriction point.
Materials and methods
Primary cultures of dog thyroid follicular cells
Dog thyrocytes, seeded as follicles (2610 4 cells/cm 2 ), were cultured in monolayer in the following mixture (Roger et al., 1987a ): DMEM+Ham's F12 medium+MCDB104 medium (2 : 1 : 1, by volume; GIBCO BRL, Paisley, Scotland), supplemented with ascorbic acid (40 mg/ml) and antibiotics. As indicated, bovine insulin (5 mg/ml) (Sigma, St Louis, MO, USA) was added or not to this medium since the seeding. The medium was changed every 2 days. At day 4, the cells were quiescent and were treated with the following stimulants: bovine TSH (Sigma, 1 mU/ml), bovine insulin (5 mg/ml) and recombinant human HGF (40 ng/ml) (a kind gift of T Nakamura, Osaka University Medical School, Japan).
Antibodies
Mouse monoclonal antibodies to cyclin D1 (DCS-6, (Lukas et al., 1994) ), cyclin D2 (DCS-3, (Lukas et al., 1995) ) and cyclin D3 (DCS-22, DCS-28 and DCS-29, ) were characterized previously. DCS-31 and -35 are mouse monoclonal antibodies generated upon immunization of BALB/c mice with bacterially produced human cdk4 . Anti-cdc2 antibody is a mouse monoclonal antibody from Transduction Laboratories. Anticdk2, anti-cdk4 and anti-p27 kip1 rabbit polyclonal antibodies were obtained from Santa Cruz. JG39 is a rabbit polyclonal antibody to bovine cyclin A developed by Julian Gannon and Tim Hunt (Baptist et al., 1996) .
Gel electrophoresis and immunodetection of proteins
Cell proteins were separated by PAGE and immunodetected after Western blotting as previously described (Baptist et al., 1995) .
125
I-Labelled anti-mouse antibody from sheep (ICN Pharmaceuticals Inc, Irvine, CA, USA) and 125 I-protein A (Amersham International, Little Chalfont, UK) were used as secondary reagents to detect monoclonal and polyclonal antibodies, respectively. Alternatively, secondary antibodies coupled to horse-radish peroxidase (Amersham) were used for detection by enhanced chemiluminescence (ECL kit, Amersham).
DNA synthesis
Cells in 3-cm Petri dishes were incubated for 24 h before ®xation in the presence of 10 74 M BrdU and 2610 76 M uorodeoxycitidine. Cells were ®xed and the incorporation of BrdU into nuclei was revealed by immuno¯uorescence as described . The percentage of BrdUlabelled nuclei was evaluated by counting 1000 nuclei per dish.
Indirect immuno¯uorescence
Cells in petri dishes (2610 4 cells/cm 2 ) were ®xed with 2% paraformaldehyde for 90 s at 48C and then with methanol for 10 min at 7208C and permeabilized with 0.1% Triton X-100, before indirect immuno¯uorescent detection performed exactly as described previously (Baptist et al., 1996; Depoortere et al., 1998) . The nuclear immuno¯uorescence of cyclin D3 was quantitated using a photomultiplier tube attached to the ZeissAxiovert 135 microscope (Carl Zeiss Inc., Thornwood, NY, USA) and a 1006 oil immersion lens exactly as described previously (Baptist et al., 1995) . Fluorescence was measured from *100 nuclei selected at random in each dish. All the conditions were assayed in duplicate. The variation between average¯uorescence measurements from duplicate dishes was less than 10%.
Immunoprecipitation
Subcon¯uent cultures of thyrocytes that contain the same number of cells 20 h after stimulation by TSH in the presence or not of insulin were washed with calcium/magnesium-free PBS and lysed in 1 ml lysis buer containing 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.5% NP-40, 50 mM NaF, 1 mM sodium orthovanadate, DTT and protease inhibitors (pefablock, leupeptin). The cellular lysate was precleared with gammabind plus sepharose (Pharmacia Biotech) and then incubated with 2 mg of antibody at 48C for 3 h (monoclonal antibody against cyclin D3 or against cdk4 ) linked to gammabind plus sepharose. After three rinsings, the immune complexes were suspended in SDS lysis buer, boiled for 4 min, and analysed on 10% SDSpolyacrylamide gels. The proteins were immunodetected as described above using either the DCS-22 cyclin D3 antibody or the polyclonal cdk4 antibody.
RNA puri®cation and Northern blot analysis
Dog thyrocytes in 100-mm Petri dishes were disrupted in 4 M guanidinium monothiocyanate, and the total RNA (8 mg/ lane) was separated as described previously (Reuse et al., 1991) . After Northern blotting transfer, ®lters were hybridized with the cyclin D3 probe (520 bp NcoI/XbaI fragment of pBluescript SK(7) cyclin D3 from Dr Sherr). Acridine orange staining of the gels was performed to assess that equal amounts of RNA were loaded in each lane.
Microinjection
Thyrocytes were microinjected at day 4 of the culture as described (Dremier et al., 1997) with an anity-puri®ed monoclonal antibody against cyclin D3 (DCS-29, 2 mg/ml) or a control mouse immunoglobulin. The microinjected and nonmicroinjected cells were stimulated by TSH and insulin just after the microinjection. BrdU (10 74 M) and fluorodeoxycytidine (2610 76 M) were added 16 h later and cells were ®xed 40 h after the stimulation with methanol for 10 min at 7208C. Injected cells were identi®ed by biotinylated antimouse antibody followed by Texas Red-coupled streptavidin. BrdU incorporation was then codetected as above using the FITC-coupled anti-BrdU antibody and all the nuclei were counterstained with Hoechst 33342 dye. The fraction of cells entering into DNA synthesis was estimated by the percentage of BrdU-labelled nuclei. All the results were reproduced in 3 ± 5 independent experiments.
